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The outcome of design of space exploration systems and missions with synergistic operation of
humans and robots depends upon conscious choices of the 1) the goal or criteria for successful system
function, 2) the means to achieve this functional goal and 3) a paradigm of systems that integrates the
goal and the means of achieving it. In this contribution | synthesize concepts of complex adaptive
systems, suggest means to achieve intentional and beneficial emergent properties of systems, and apply
these concepts to human/robotic systems design. In three pages of summary and introduction plus an
attached article | make the cases that:

1) An open evolutionary future or “open-future functionality” is the most important goal of systems
design for space exploration; | define open-future functionality as the ability to persist indefinitely with
only solar energy as input while also adapting to novel environments

2) Open-future functionality is also the key signature and distinguishing characteristic of life

3) Living systems achieve open-future functionality via an ecosystemic rather than organismic or
mechanical organization scheme; this functionality is an emergent property and requires a special
relation of partsto wholes

4) Open-future functionality cannot be conceived or achieved via mechanistic, reductionist or
disciplinary science alone, but requires a new paradigm that isrelational or “connectionist”

5) The connectionist paradigm and method promise new systems design and development such that
emergent properties— while not fully controllable — can be guided toward the beneficial

I. Revolutionary concepts of systems and systems design proposed and elabor ated

1. The most important systems design goal is open-future functionality

2. Open-future function is the defining characteristic of life that setsit apart from the closed
evolutionary futures of a) entropic (diluting, disordering, radiative) and b) syntropic (concentrating,
over-ordering, gravitational) attractors of non-living physical/chemical systems

3. Living systems achieve open-future functionality via “coupled complementary processes’ that play
physical tendencies for ordering and disordering against each other so that neither dominates

4. A new connectionist paradigm of science and systems is the complement to disciplinary science;
connectionism links up “nodes’ of specialized knowledge into alarger relational network

5. In order to design for emergent properties we must get the part-to-whole and whole-to-part relations
right at the beginning

I1. Stepsto develop these concepts and apply them to design of human/robotic systems

1. Conceptua framework and synthetic hypotheses based on living systems (a start provided in article
below)

2. Research and conceptual development (including tests of the hypothesesin article below)

3. Design ssimulations, prototypes, and the testing and deployment of open-future systems

4. Refinement of the new paradigm and methods based on results of trials



Additional information and introduction to the article below

[11. How these concepts would impact synergistic operation of humans and robots

1. Provide basis to develop adaptive systems able to anticipate and steer away from “dead-ends’ or
terminal threats to system/mission function

2. Living systems as basis for functional integration of parts and wholes of humans, robots and
human/robotic systems

3. Enhanced approaches to provision of ecological life support for humans in space and integration of
robots into this fundamental necessity

IVV. Enhanced science that would be enabled

1. Better understanding of life including new ideas of what to look for in extra-terrestrial environments
2. Connectionism as new transdisciplinary mode of inquiry and complement to disciplinary study

3. Better, safer, more self-sufficient and more affordable science missions through understanding of
ecological life support and open-future functional capability

V. Supplemental information — new ideas beyond thosein the article below

1. The estuartine turbidity maximum (ETM) zone is hypothesized as the location of origin of life—this
zone exists in many present-day estuaries and exhibits abiotic recycling and a gradient of salt-fresh
water that fits with the ecosystemic life hypothesis and origin of life scenario of H.T. Odum

2. The concept of algorithm-substrate integration as linked to Robert Rosen’ s work on life, relational
theory of systems, unfractionable (i.e., non-mechanical) nature of life and anticipatory capacity of life

3. New idea of dual bifurcations intertwined at the origin of life rather than the single bifurcation
mentioned in the article below

4. Scaling and the relations of part-to-whole and whole-to-part (relation of relations or meta-relations)

5. A new sense of human self as ecosystemic rather than an individual human or organism; this new
paradigm of human selfhood affects all aspects of science, design, engineering and mission planning

6. Open-future functionality may also be considered “ecological independence” and the goal may be
thought of as being ableto “be at home” in any environment beyond earth; thus the importance of
ecological science

7. Humans are not independent agents in the sense of ecological independence — we only exist in
relation to plants and the food and oxygen they generate; thus the locus of agency, self-organization,
self-perpetuation is the ecosystem; we should build the relation of robots to afully independent and
ecosystemic life system, not just humans



8. | use the term “open-future functionality” as short hand for the systems property of life asit portrays
how the system must be capable of generating novel functions - it must not be “closed” asin limited to
apre-determined or built-in set functions and behaviors.

9. A pre-requisite or context of any human activity is ecological life support — we should build human-
robotic symbiosis with a clear understanding of the human-life symbiosis and interdependence

10. | see two general types of relationship between parts and wholes. These may be seen as alternative
paradigms or sets of basic assumptions for the study of complex adaptive systems:

a) Parts are separable, are entities in their own right, are independent of the whole, can function outside
the context of the whole and are readily exchanged between different wholes; parts and wholes do not
cause or generate each other; the whole is the sum of the parts. The example system is a machine or
other non-living system (bridge, rock, cloud, etc.)

b) Parts are inseparable, only exist in relation to each other, are interdependent, cannot function outside
the context of the whole and are not easily exchanged between different wholes; parts and wholes
cause or generate each other; the whole is more than the sum of the parts. The example systemisacell,
organism, ecosystem or other living system.

The first paradigm is that of mechanistic or reductionist science dating back to Descartes and Newton
(see Ulanowicz 1997). The second represents a new paradigm that unifies reductionism and holism
into a science of complex systems or part-whole relations. Pattee (1973) described the goal of this new
science: “to clarify relationships between parts and wholes of hierarchical systems from the
perspectives of basic physics and biology”. Patten and Jorgensen have written a textbook on the
methods for ecological science in Complex Ecology: The Part-Whole Relation in Ecosystems. While
much work has been done, much work remains before the full implications of this alternative
perspective can be realized and appreciated.

Additional information available online:

Prior NIAC proposal covering similar systems concepts (PDF format):
http://al.umces.edu/~fiscus/research/tech_f.pdf

NASA fellowship proposal describing composer-decomposer coupling in forests (MS Word format)
http://al.umces.edu/~fiscus/research/nasa-prop-final.doc

Full article on ecosystemic life, commentary in press (PDF format)
http://al .umces.edu/~fiscus/research/ecosydlife/ecosydife-all 3.pdf

Curriculum Vitae, Dan Fiscus (text format)
http://al.umces.edu/~fiscus/cv/CV -txt.txt

Submitted by Daniel A. Fiscus, independent researcher and non-faculty research assistant employed by
University of Maryland Center for Environmental Science
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The Ecosystemic Life Hypothesis
(adapted from an article to appear in the Bulletin of the Ecological Society of America, October, 2001)

Introduction

During an educational research experience between 1993 and 1997, | came across severa
conceptual problems trying to define and measure ecological health. My study eventually led meto
confront the highly theoretical question Schrodinger (1944) posed nearly six decades ago - “ What is
life?” | offer my current working hypothesis on the original and fundamental nature of life, as| believe
both to be relevant to long term applications of ecological science to space exploration.

The purpose of this paper isto present briefly the ecosystemic life hypothesis as compared and
contrasted with the predominant organismic life approach. This hypothesis states that the ecosystemic
organization — an autotroph functionally integrated with a heterotroph —is the original, general and
self-perpetuating unit of life. By comparison, cells and organisms are seen as special case subunits of
life that cannot persist in isolation. | suggest that the ecosystemic conceptualization of life fixes
problems of infinite boundlessness in space, time and interactions when attempting to assess ecol ogical
health — it offers strong (but still incomplete) closure and solid first principles for a standard of values
of living systems. When one assumes that the fundamental and distinguishing characteristic of lifeis
the capacity for sustained production — a merger of two societal values (production and sustainability)
which my original indicator of agricultural soil health was to address — then an ecosystemic definition
of lifeis preferable. | see sustained production as the key to open-ended evolution and ssimple core
functions of an original ecosystem — molecular string composition and decomposition — as more
general and more robust than cellular functions for understanding living systems and the origin and
evolution of life. Thus, the iteration of simpler ecosystemic processes may have preceded and
generated much more complex cells and organisms. | present this hypothesis as an amalgam of ideas
provided by Lotka, Odum, Ulanowicz, Rosen and others.

Definitions— Life and Ecosystem

A preliminary task will help to start - to describe existing definitions for life and for ecosystem.
Solomonoff (1997) suggests the importance of operational definitions for science:

“ An operational definition of anything is a precise sequence of physical operations that enable one to
either construct it or identify it with certainty. When one can’t make an operational definition of
something, thisis usually an indication of poor understanding of it. Attempts to operationalize
definitions can be guides to discovery. I’ ve found thisideato be an invaluable tool in telling me
whether or not | really understand something.”

| admit my attempts here do not produce fully operational definitions of life or ecosystem, but |
suggest that the exercise itself is crucial for understanding both, isimportant for life science and helps
define ecological health.

| think the basic dictionary definitions of life and ecosystem are the ones most often assumed
and used. The Merriam-Webster Collegiate dictionary (online reference) defineslifeas “an
organismic state characterized by capacity for metabolism, growth, reaction to stimuli, and
reproduction.” The same source defines ecosystem as “the complex of a community of organisms and
its environment functioning as an ecological unit.” Morowitz (1992) statesthat “al lifeis cellular in
nature...A cell isthe most elementary unit that can sustain life” (however, see below). It seemsfair to
say that organisms are generally seen as fundamental (and indivisible) units of life, and ecosystems as
interacting and higher order (and divisible) collections of these units.



In practice, the definitions are more complex and the distinctions are often blurred. The
Encyclopedia Britannica (online reference) lists five different approaches to the definition of life based
on physiological, metabolic, biochemical, genetic and thermodynamic considerations. O'Neill et al.
(1987) speak to the fuzzy boundaries between life and ecosystem definitions; they "...define
ecosystems as the smallest units that can sustain life in isolation from all but atmospheric surroundings.
However, oneis till left with the problem of specifying the area that should be included.” Thisisakin
to defining the ecosystem as the fundamental unit of life, as“smallest units’ can be considered the
simplest or most basic units. Morowitz (1992) aso blends the two concepts, stating that “ sustained life
isaproperty of an ecological system rather than a single organism or species.”

One potential avenue for clarification isto move to the framework of evolution, arguably the
strongest basis for integration of biology and ecology. Eigen (1995), for example, tackled the
definition of life by defining a unit of selection. He lists self-reproduction, mutation and metabolism as
properties of systems that are “predestined” to selection, as in possessing the capacity for selection
inherently. While these properties more often are associated with cells than ecosystems, his approach
leaves open another question. Could an ecosystemic organization of physical and chemical dynamics
provide a more robust unit of selection than a cellular, organismic, metabolic or genetic organization?
Thisis another way to state the question to which ecosystemic lifeisaresponse. | believe the
ecosystemic paradigm for the identification of life comes closer to an operational definition asitis
more amenable to explanation in physical/chemical and biological dynamics simultaneously.

An interesting brief picture of the evolution of the ecosystem concept is provided by Allen and
Roberts (in the foreword to Ulanowicz 1997). They chart the change in the concept as developed by
Transeau and Tangley through Lindeman, E.P. Odum and Ulanowicz. Their story begins with the
assertion of Tandey that a systems view of life treat environmental fluxes and biological fluxes
together as a “reciprocity of influence’. Lindeman and E.P. Odum then deepen the role of energy flux,
and Ulanowicz distilled this yet again to focus on the non-conserved units of thermodynamics (entropy
and exergy) as the key dynamic flux of ecosystems. A reciprocal relation with environment is arguably
as important for understanding life asit is for understanding ecosystems. This, combined with the
historical scientific trend to explain ecosystemsin ever more physical terms, says to me that the
concepts of life and ecosystem are necessarily linked and naturally convergent.

L otka and Coupled Transformers

Given the existing ambiguities between definitions of life and ecosystem, | have found four
main ideas to provide excellent bearings. Taken together, these four suggest a path toward a revised set
of first principlesfor ecology. | present them separately and then attempt to synthesize their mutual
implications— for my original problem with ecological health aswell as for ecological science itself.

The first of these founding conceptsis Lotka sidea of coupled transformers. The idea of two
functional types that exist as obligate companion processes, are necessarily interdependent, and are
indivisible is described here (Lotka 1925):

“Coupled transformers are presented to us in profuse abundance, wherever one species feeds on
another, so that the energy sink of oneisthe energy source of the other.

A compound transformer of this kind which is of very special interest is that composed of a
plant species and an animal species feeding upon the former. The special virtue of this combination is
asfollows. The animal (catabiotic) species alone could not exist at all, since animals cannot anabolise
inorganic food. The plant species aone, on the other hand, would have a very slow working cycle,
because the decomposition of dead plant matter, and its reconstitution into CO,, completing the cycle
of itstransformations, is very slow in the absence of animals, or at any rate very much slower than



when the plant is consumed by animals and oxidized in their bodies. Thus the compound transformer
(plant and animal) is very much more effective than the plant alone.”

Other guotes provide evidence that Lotka worked from a whole-systems perspective as opposed to a
focus on mere “interaction” of predator and prey treated as separable parts of a system. For example:

“It is customary to discuss the ‘evolution of a species of organisms.” Aswe proceed we shall see many
reasons why we should constantly take in view the evolution, as awhole, of the system (organism plus
environment). It may appear at first sight asif this should prove a more complicated problem than the
consideration of the evolution of a part only of the system. But it will become apparent, as we proceed,
that the physical laws governing evolution in all probability take on a simpler form when referred to
the system as a whole than to any portion thereof.”

And again later:

“...the concept of evolution, to serve usinitsfull utility, must be applied, not to an individual species,
but to groups of species which evolve in mutual interdependence; and further to the system as awhole,
of which such groups form inseparable part.”

Thus Lotka suggested evolution as dynamic basis for defining life and ecosystem (Lotka 1925). He
also suggested the inseparability of part and whole in living systems lies at the mutually beneficial
energy and matter transformations embodied in the plant-animal system taken as a unitary whole. | call
his coupled transformers “coupled complementary processes’ and see them as a general theme varied
multiple times in nature (the main other case being the male-female duality).

In summary, | interpret Lotka s work to argue that 1) coupled transformers are an important
dynamical element of living systems, 2) coupled transformers are a general, fundamental theme that is
varied many times in nature, and 3) it is best to adopt a holistic treatment of life and its environment as
asingle evolving system.

Howard Odum and Ecological System Preceding Origin of Life

Howard Odum depicted the origin of life (Fig. 1) as ecosystem first and cells later (Odum
1970). It isimportant to note that his origin of life scenario depended on physically-driven cycling
within an aquatic system (“circulating seas’ as he said). | see Odum’ s view of the interdependence of
production and consumption as Lotka' s coupled transformers in another form. Odum’swork as a
whole has emphasized the primacy of ecosystemic dynamicsin understanding life and predicting
future development of living systems. His focus on energy as the primary currency of ecosystems
reinforces the approach of studying life as interdependent with dynamics of the physical environment.

By suggesting a plausible scenario for an ecosystemic origin of life, Odum presents the
possibility that ecosystemic functions (e.g., energy flow and nutrient cycling) are more fundamental to
life than cellular or organismic functions (e.g., metabolism and reproduction). By extension, he
essentially hypothesizes that ecosystemic processes are necessary and sufficient to generate or
construct life, cells and organisms from physical and chemical component processes. This constructive
aspect qualifies his scenario as an operational definition of life and ecosystem.

In summary, Odum says 1) the ecological system came first and is fundamental, 2) production
and consumption were the first differentiation of functions, 3) the origin of life was subsidized by
cycling and transport processes of the physical environment.

Ulanowicz and Ascendency



The third critical concept is ascendency (Ulanowicz 1997). Ascendency is a quantitative
measure, derived from information theory, which integrates the magnitude (growth) of system activity
as well as the degree of organization (development) among its component processes. Founded on the
concept of indirect mutualism, which for Ulanowicz is synonymous with autocatalysis, ascendency
captures the dynamics of reaction or trophic networks as they grow, self-organize and complexify.
Ulanowicz identifies indirect mutualism as the source of the nonmechanical agency that generates
order (through both growth and development) in developing systems. Indirect mutualism is the way in
which activity, behavior or variation in performance at one node of a cyclic network eventually returns
to theinitial node itself and thus either rewards or penalizes that behavior. Through the effects of this
causal feedback loop, indirect mutualism imparts key nonmechanical properties to autocatalytic
networks, including growth enhancement, selection and competition.

Ulanowicz (1997) also suggests that living systems navigate a “window of vitality” - amiddle
ground between too much order and too much disorder. He shows this graphically by plotting the
effective connectance per node vs topologica connectance per node of 38 ecosystems based on their
trophic flow networks. All 38 systems exist in a stable region between the extremes of disorder
(maximally connected networks, or those at the “edge of chaos’) and order (minimally connected,
mechanical or “brittle” networks). In itstwo parts —total system throughput (TST) and average mutual
information (AMI) — ascendency models the direction or natural tendency of living system
development as a dlight asymmetry in a balancing act between ordering and disordering aspects. The
TST and AMI terms are multiplied to give ascendency and thus quantify an interaction between
generative and constraint. | see the dynamic tension that ascendency capturesto be the same asis
elsewhere described as the pattern-generating interaction between stimulatory and repressive,
activation and inhibition or reaction and diffusion (e.g., Levin and Pacala 1997).

In summary Ulanowicz offers 1) indirect mutualism (autocatalysis) as the key to the systemic,
order-generating behavior of life and ecosystems, 2) a dynamic tension between growth and
development that gives rise to ascendency, and 3) a“window of vitality” that living systems must
navigate between too much and too little order.

Rosen and Closureto Efficient Cause

Even more than Ulanowicz, Rosen worked with the question “ What islife?” directly. But like
Ulanowicz, he rethought Newtonian and mechanical paradigms of science in the process. Rosen’s
(1991) first step in tackling the question was to reframe it. He argued that “ Why are organisms
different than machines?’ is the better question. Thus he built on the assumption that the explanatory
powers of the mechanistic worldview cannot help understand the realm of living systems. One of
several important clarifications he made was to define a system component as “a unit of organization.
A part with afunction, i.e., a definite relation between part and whole.” From this and other starting
concepts, he developed a“relational theory of systems’ capable of explaining the special properties of
life. Specifically, he identified the “nonfractionability of componentsin an organism” asthe
fundamental difference between living systems and machines.

His succinct answer to the big question was: “amaterial systemisan organism if, and only if, it
is closed to efficient causation” (Rosen 1991). While this statement and others demonstrate that Rosen
considered the fundamental unit of life to be an organism, | think the explanation of this statement and
his formal description of the corerelation in life still support the ecosystemic life view. In order to
produce amodel of a system that is closed to efficient cause, Rosen defined replication as a higher
order function that can be produced by metabolism and repair functions operating together. Mikulecky
(1999) explains how these concepts of Rosen match with the image of life as achieving organizing and
disorganizing capacities simultaneously:



“ One of the first and most crucial aspects of the evolving living system wasiits failure to last! It
was in a condition of being torn down as fast asit was being built up and thisiswhat alowed it to
evolve. Stability isthe return to a condition after being perturbed from it. How much more stable could
something be than to have both its construction and destruction under strict limits? Both construction
and destruction are systems properties. The systematic tearing down allows rebuilding, replication and
evolution.”

In summary, Rosen argued that 1) life is not divisible like a machine and the
mechani stic/reductionist approach will not work to understand it, 2) lifeis closed to efficient cause, 3)
amodel of life that meets the requirement of closure to efficient cause includes two integrated
functions - metabolism and repair. | see Rosen’s metabolism-repair model as fully compatible with
Lotka's coupled transformers, Odum’s origin via production and consumption and Ulanowicz’ growth
and development of ecosystems. The ecosystemic life hypothesis exists at the place of congruence of
these concepts.

The Ecosystemic Life Hypothesis

The ecosystemic life hypothesis melds the ideas of coupled transformers, ecological origin,
ascendency, closure to efficient cause and the others mentioned previoudly into four propositions. |
preface the hypothesis using additional concepts of emergence, phase transition and bifurcation but do
not define these here; for these | follow the work of Holland (1995), Kauffman (1993) and Prigogine
(1996) respectively.

Preface concepts:

I Life is an emergent property of physical and chemical dynamics. Thusit requires physical
and chemical dynamics, but is also independent of those dynamics to a degree described
within the concept of emergence.

ii. The original emergence of life from non-living dynamics was a bifurcation into two
alternate system states. This bifurcation was also a phase transition in which dynamics
began qualitatively new behavior.

The hypothesis:

1. The bifurcation at the origin of life resulted in two functional processes— amolecular string
composer (proto-autotroph) and a molecular string decomposer (proto-heterotroph). The
composer function is to harness energy (solar, chemical or thermal) to form chemica bonds
and build molecular strings. The decomposer function isto harness energy in the chemical
bonds and break molecular strings into component parts.

2. The bifurcation into composer and decomposer had the special property that the two system
states (or functional subsystems) were interdependent. The composer-decomposer system thus
had whole-system capacities that neither subsystem possessed in isolation. These capacities
provided a greater ability to survive or persist as adynamical processin achanging
environment — a greater capacity for sustained production.

3. The coupled complementary processes inherent in the composer-decomposer system are
necessary and sufficient for life to persist — to sustain physical-chemical dynamical operation —
because they counter the two most fundamental threats to life ssmultaneously. These threats are
disorganization (asin dilution) and over-organization (as in crystallization).

4. The ecosystemic organization of life fromits origin onward is more fundamental than the
cellular or organismic forms of organization. The composer-decomposer system is the common
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ancestor of both metabolic and genetic processes, both of which are processes of molecular
string composition and decomposition. Thus cells were generated later via a process of
“encapsulation and miniaturization” (Odum 1970). The ecosystem — autotroph integrated with
heterotroph — is the general, self-perpetuating form of life, and cells and organisms are special
case subunits of life which cannot persist in isolation.

This hypothesis provides insight into life’ s capacity for open-ended evolution. The smple
functional forms of composer and decomposer operate as ateam and in doing so are mutually causal —
each helps create and re-create the other (see Macy 1991 on mutual causality). Astheir operationsin
concert are iterated many times, varied combinations of molecular building blocks generate the novelty
necessary for evolution. The composer-decomposer split is also the genotype-phenotype split, asthe
composer and decomposer (phenotypes) both also involve molecular strings (genotypes). Thisis not to
say that the molecular strings themselves embody all necessary capacities of life, as| think the cycling
first provided by “circulating seas’ (Fig. 1, Odum 1970) must have been internalized as well.

Cross-coupling of positive and negative feedbacks in the composer-decomposer system enables
life to navigate a window in which entropic (dissipative, disordering) and syntropic (concentrating,
ordering; from Fuller 1979) forces are played one against the other and neither dominates. The fact that
all known ecosystems depend upon autotrophs and heterotrophs becomes then not an emergent result
of interaction or co-evolution, but a unique integration of component part and systemic whole that is
the signature basis of life. The hypothesis may be paraphrased thus: life achieves its independence
through interdependence. It also suggests that the kernel of the part-to-whole organizational innovation
that isthe key characteristic of life is the ecosystemic organization of energy flow coupled to nutrient
cycling — two topics usually covered in ecology 101.

Discussion

Because ecosystems have always been conceptualized as fluid in their boundaries with the
physical environment, even mutually influential, they provide a better bridge between non-life and life
than do the much more clearly bounded units of cell or organism. The ecosystem is thus a plausible
intermediate dynamical realm between physics/chemistry and cellular/organismic life. As Solomonoff
(1997) suggests, one basis of an operational definition is a sequence of steps for the construction of
some entity. Odum provides such a basis for an operational definition of life with his ecological origin
scenario. The congruence of his scenario —in the functional coupling between the production and
consumption processes — with the concepts of Lotka, Ulanowicz and Rosen enables integration of their
whole-systems views of life in such a constructive, operational conceptual framework.

Kauffman (1993) and others have developed the importance of autocatalysis for understanding
life and pre-life, but only recently has this concept been extended to highlight the ecosystemic life
paradigm. Lee et al. (1997b) talk of “ molecular symbiosis’ and aso “ molecular ecosystems’ (Leeet a.
1997a) arising from autocatalysis and self-replication.

One way to falsify this hypothesis would be to find a system with only one functional type -
either composer or decomposer. As a “thought experiment”, the prospect of finding a system with only
autotrophs or only heterotrophs seems absurd, but this does not alter the fact that it would refute the
claims presented. This gut feeling does show how the idea of ecosystemic life appears at once trivial
and profound. Another potential challenge to the hypothesis may be the Archaea— ancient microbes,
some of which inhabit hot springs, thermal ocean vents and other such forbidding environments. |
admit scant knowledge of the ecological and biological dynamics of this group, and they may well
prove the views here wrong.

The ecosystemic life hypothesis suggests a new approach to ecological health. The key
indicator of health becomes the degree to which a system possesses the intact kernel of composer and



decomposer subsystems operating in concert. This organizational integrity enables natural systemsto
operate using renewable energy while also achieving a high degree of materials recycling. All three
properties then — composer-decomposer integration, renewable energy and recycling materials
processes — are the systemic keysto life's capacities for sustained production and open-ended
evolution. This approach shifts the perspective away from looking at quantitative or specific details of
systems. Instead, using a qualitative, systemic criterion for ecological health, the systems with poor
health are immediately apparent. Only the human-driven aspects of agricultural and other systems fail
to keep composer and decomposer functions integrated. From this unhealthy systemic organization
arise two negative symptoms and a dire prognosis. Modern human systems decouple composer and
decomposer processes and are highly dependent on non-renewable energy and non-recycling materials
processes. From the conceptual framework of ecosystemic life, such systems lose the capacity for
open-ended evolution and system trajectories are therefore predicted to move toward an evolutionary
dead-end.

Ecosystemic life (as an integrative or “connectionist” concept) may also help resolve recurring
conceptual problems within ecology. Three examples of major concepts with which ecosystemic lifeis
consistent simultaneously are: 1) The diversity-stability debate — diversity sometimes helps, sometimes
hinders stability; 2) The bottom-up vs top-down ecosystem control debate — ecosystem dynamics are
sometimes driven by primary producers, sometimes by higher trophic levels such as keystone species;
3) the unit vs assemblage debate about succession — communities and ecosystems sometimes appear to
act like superorganisms, sometimes like assemblies of independent individuals and species. Viewing
life as a unified whole requiring two complementary functional units, and thus two inter-twined
dynamical aspects, ebbs and flows between diversity and stability, bottom-up and top-down control
and unit vs assemblage behavior are to be expected. Ecosystemic life provides aframework by which
two seemingly contradictory ecological principles can be true at once, much as the dual or
complementarity theory of light doesin physics.

| did not cover here al concepts and workers who have contributed to these discussions. |
mention Pattee (1973), Maturana and Varela (1980), Root-Bernstein and Dillon (1997), Lovelock
(1993) and Margulis et a. (2000) as contributors whose works necessarily must be included in a
comprehensive study of these topics.

Summary

The ecosystemic life hypothesis inverts the current working assumption that life originated and
developed from the cell or organism in the general to the ecosystem in the specific. It also altersthe
assumption that ecological dynamics are strictly emergent properties arising — from the bottom-up —
from interactions of many independent organisms or agents. Instead, organisms are seen as emergent
properties of ecological dynamics of energy flow coupled to nutrient cycling. The irreducible or
nonfractionable kernel of complexity is the interoperating composer-decomposer system of energy
capture and materials cycling. Depew and Weber (1995) state thisinversion as the position of a school
of thought within systems ecology: “From their perspective, ecosystems are not perspicuously viewed
as loosely integrated superorganisms... On the contrary, reformed systems ecol ogists tend to view
organisms as very tightly integrated ecological systems.” If this systems ecological approach turns out
to be better than an organism-centric approach to understanding life, it could have great implications
for how we conduct ecological and life science.

Whole-part integration — the focus on understanding the part-to-whole relationships in living
systems —is a synthesis of reductionism and holism. This hybrid paradigm promises new concepts and
new approaches to old problems that can enable meaningful development of the concept of ecological
health, as well as other benefits perhaps imagineable. For example, could the ecosystemic life and part-
to-whole approach enable design of human systems such that emergent properties, while not fully
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controllable or predictable, can be steered toward the beneficial? The ultimate benchmark for system
health and quality, as well as the ultimate role model, mentor and design guide for human systems,
may well belife itself.

Figure and caption:

1. Figure 1. “ The ecologica system precedesthe origin of life”, after H.T. Odum (1970).

a. Photoreaction system develops with aid of ocean circulation. b. Storage is developed in

polymers as each cycle adds activated molecules. c. Primitive form of reproduction via

segmentation of polymers follows. Two additional frames not redrawn show specialization of types of
molecular strings and “ capsulation and miniaturization” to form cells.
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